Fish are particularly sensitive to copper (Cu) because although it is an essential metal, it becomes dangerous for aquatic ecosystems, thus accounting for physiological alterations. In this study, we investigated Cu effects on neurobehavioral activities of Thalassoma pavo and, above all, its recovery strategies by evaluating behavioral disturbances, neurodegeneration, and expression of heat shock protein (HSP)90 and orexin receptor (ORXR). Ornate wrasses exposed to nominal sublethal higher (1.07 mg/l) and lower (0.25 mg/l) concentrations of CuCl 2 ·H 2 O mostly reduced swimming and feeding activities along with inducing abnormal behaviors in a dose-dependent manner. Concomitantly, ORXR transcripts were mostly upregulated in the diffuse nucleus of the inferior lobe (NDLI, + 142%) and the corpus of the cerebellum (CCe, + 243%), whereas HSP90 was downregulated only in lateral part of the dorsal telencephalon (Dl, −35%), the nucleus glomerulosus (NG; −40%), and the optic tectum (OT; −33%). Interestingly, when fish were transferred to Cu-free water, some behaviors were promptly rescued, especially in fish previously exposed to the lower Cu concentration. This rescuing tendency was confirmed by evident reductions of argyrophilic signals in Dl (−67%), NG (−31%), and OT (−42%) of fish exposed to 0.25 mg/l Cu. Moreover, transcriptional events of both ORXR and HSP90 were further upregulated in order to orchestrate a reactivation of behavioral and neuronal functions. Overall, this study highlights, for the first time, new neuronal strategies against environmental adverse conditions involving both ORXergic system and HSP90 as key elements that may assure, at least in part, protection and recovery processes against toxic agents.
Copper (Cu) is an essential metal that, at higher concentrations, becomes a powerful contaminant for aquatic ecosystems. Teleosts are particularly sensitive to Cu because it accounts for many physiological alterations such as respiratory and ionregulatory disturbances . At the brain level, the mechanisms by which Cu elicits its deleterious effects are not fully understood. However, it is well known that most Cu-dependent cellular damages derive from the cation ability of catalyzing the formation of reactive oxygen species via Fenton or Haber-Weiss reactions, thus affecting the stability of macromolecules (Jomova and Valko, 2011) . Recently, evidences have demonstrated that Cu is able to alter feeding maneuvers (Kuz'mina, 2011) , very likely due to neurotransmitting dysfunctions (De Boeck et al., 1995) . These conditions should not be so surprising because studies are now beginning to correlate neurobehavioral alterations induced by different toxic agents to the action of the orexin (ORX) neuroreceptor system .
It is known that ORX system of fish controls energy balance, sleep/wakefulness, and motor activities (Matsuda et al., 2012) along with learning/motivational processes . As far as its role on energy balance is concerned, it has been shown that this neuropeptide along with other orexigenic factors such as the neuropeptide Y and the leptin-like molecule is heavily involved with food intake in fish because afferent signals derived from olfactory and visual signals provide the central nervous system with changes of energy homeostatic conditions (Volkoff, 2006) . These physiological activities are assured via interaction of a single ORX receptor ortholog (ORXR) in both marine (Facciolo et al., 2009 ) and freshwater teleosts Yokogawa et al., 2007) . Despite ORXergic system of mammals has been proposed as a key modulator of stress reactions influencing blood pressure, heart rate, oxygen consumption, and body temperature (Berridge et al., 2010) , only recently attention has been directed toward stress-related conditions also in fish (Buckley et al., 2010; Pavlidis et al., 2011) .
In this context, the highly conserved family of heat shock proteins (HSPs) has also been recognized as protective and reparative cellular factors. Among the different HSPs, HSP90 has been one of the most studied chaperone in fish owing to its involvement in a wide range of stressful states including toxicological sciences 137(1), 135-146 2014 doi:10 .1093/toxsci/kft229 Advance Access publication October 11, 2013 ZIZZA, CANONACO, AND FACCIOLO environmental pollution from heavy metals (Liu et al., 2012) . Such a chaperone is constitutively expressed in the nervous system where it controls neurotransmitter release and subcellular trafficking of neuroreceptor subunits (Gerges et al., 2004) .
In view of these considerations and due to the scarce information dealing with the effects of Cu toxicity in the brain of marine fishes, it was our intention to investigate Cu effects on some neurobehavioral activities of the marine teleost Thalassoma pavo. These effects were determined not only on behavioral disturbances but also on brain degenerative phenomena plus on the activation of transcriptional neuronal responses of HSP90 and/or ORXR. For this purpose, the ornate wrasse, which is considered an useful experimental model for toxicological studies (Fasulo et al., 2012; Giusi et al., 2005) , was tested to establish whether the nominal sublethal higher (1.07 mg/l) than the lower (0.25 mg/l) concentrations of CuCl 2 ·H 2 O modified distinct behavioral activities (feeding, swimming, and resting) via altered transcriptional levels of the above neuronal factors. Additionally, Cu concentrations used in this study, which was meant for purely mechanistic purposes rather than environmental assessment, fell within the range of Cu levels in Adriatic sea coastal sediments (Obhodas and Valković, 2010) . Overall, this study could constitute a first neurotoxicological work dealing with the effects of some environmentally relevant Cu concentrations on the different behavioral activities of a marine fish and thereby pointing to them as preferential targets of Cu contamination. Moreover, it may provide new insights regarding the role of HSP90 and/or ORXR as putative indicators of contamination for the evaluation of potential risks not only for aquatic organisms but also for human health. The possibility that Cu-related alterations could be restored by transferring treated animals in metal-free water could be particularly useful to verify on the one hand the entity of neuronal impairments and on the other hand neurobehavioral measures adopted to repair metal-linked damages and thus inducing the reactivation of neuronal functions.
MaTeRIaLS aND MeTHODS
Animal maintenance. Local ornate wrasse (Thalassoma pavo; body weight = 9-12 g, body length = 7-12 cm) specimens were captured from the Tyrrhenian Sea (San Lucido Coast, Cosenza-Italy) and supplied by local fishers. Then they were rapidly transported to our laboratory and acclimated in 150 l aerated aquaria containing seawater under a 12-h light:12-h dark photoperiod for 1 week. During this period, animals were fed once a day (10 g/kg body weight) at 10:15 am with small pieces of frozen prawns corresponding to 2% of the biomass in the tank . All water parameters including salinity (35%), density (1.027-1.028 g/cm 3 ), hardness (100 mg CaCO 3 /l), and dissolved oxygen (8-8.6 mg/l) as well as temperature (20°C-22°C) and pH (7.8) were checked twice daily and precisely before and after renewal of the test solutions to assure that they remained within these ranges especially before the onset of the behavioral session. Fish maintenance and experimental procedures are in accordance with the Guide for Use and Care of Laboratory Animal, adopted by the Society of Toxicology in 1989. For this study, efforts were made to minimize animal suffering and reduce number of fish used.
Cu exposure and recovery test. A Probit Analysis was used for the determination of the median lethal concentration (48 h-LC 50 ; 2.66 mg/l) through the application of a software (Probit Analysis; version 1.5) developed by EPA (Table 1) . For this part, fish (n = 8/each concentration) underwent a screening of different CuCl 2 ·H 2 O (Sigma, Milan, Italy) concentrations, and they were not fed for 48 h before and during the entire treatment. As soon as mortality occurred, fish were promptly removed from aquaria.
Subsequently, fish were exposed for 48 h to the nominal sublethal higher (1.07 mg/l; n = 16) than the lower (0.25 mg/l; n = 16) CuCl 2 concentrations in the range of about 1/3 and 1/10 of LC 50 , respectively, and compared with fish that were never exposed to the metal (controls; n = 8). The chosen sublethal concentrations fell more or less within the range used for studies on different Mediterranean fish as well as corresponding to values reported for Adriatic sea coastal sediments, which vary in relation to their detection points (Obhodas and Valković, 2010) . All toxicological treatments were conducted during a Static renewal toxicity test according to standard procedure guidelines (American Society for Testing Material, 1997) completely renewing Cu concentration in water every 24 h. During Cu exposure, the tanks were only equipped with an oxygenation system without any chemical filters to avoid a reduction of the metal concentration, and water parameters were constantly checked to assure that they remained within the above ranges. For this part, Cu concentrations were expected to be constant within our experimental time period, due to concentrations only reducing by 4%-6% over the 4 days of exposure, regardless of pH and temperature (Carvalho and Fernandes, 2006) .
After the entire period (48 h) of exposure to either 1.07 mg/l or 0.25 mg/l of CuCl 2 , some fish (n = 8/concentration) were transferred to new tanks containing clean (Cu-free) water for 48 h in order to evaluate the rescuing ability of fish against metal-dependent alterations with respect to treated fish that never underwent recovery. Even during the recovery phase, water was regularly changed throughout the day, thus assuring the same experimental conditions of the previous treatments, aside Cu, and so avoiding the increase of nitrite and nitrate concentrations.
Behavioral analysis. Before proceeding with behavioral analyses, fish belonging to all experimental groups were carefully observed in order to evaluate eventual changes in gross morphology. In this case, fish exposed to the higher sublethal Cu concentration showed an increased mucus secretion, thus indicating impaired gas exchange and osmoregulation in the gills, whereas minor signs of desquamation or bleaching of the skin occurred only in fish exposed to concentrations close to the lethal concentrations that were not considered in our study.
Fish exposed to sublethal CuCl 2 concentrations (1.07 or 0.25 mg/l) as well as those transferred to metal-free water were monitored with a digital camera (SONY, DSC-W310) during each daily behavioral observations, which started 2 h after renewal of Cu solution or after water change. Time spent in with signs of hyperventilation (which was defined as the number of times/ min that the operculum opens and closes in a 1-h observation session .
All data were analyzed using a specific behavioral software (EthoLog 2.2.5 Visual Basic; Brazil), and values were expressed as mean activity ± standard error of mean (SEM) within a 24-h interval. Statistically significant behavioral variations were handled using two-way ANOVA followed by a post hoc multiple range Newman-Keul's test when there was a significant p value < .05. Statistical analyses were handled in a first case on the raw data of Cu-treated fish with respect to controls. In other cases, comparisons were carried out on percentage values of recovered fish from their specific Cu treatment versus controls, and these were compared with percentage values from treated fish versus controls.
Transcriptional analysis:
In situ hybridization. To verify whether behavioral effects plus recovery events were related to expression capacities of some encephalic neuronal fields, in situ hybridization transcriptional responses of ORXR and HSP90 were performed by using sense and antisense probes designed on the basis of ORXR (Facciolo et al., 2009) and HSP90 (Giusi et al., 2008) partial nucleotide sequences of Thalassoma pavo brain labeled at the 3′-tailing with digoxigenin-11-dUTP (DIG, Roche Diagnostics, Italy). At the end of the entire treatment period, some fish of the above treatments, ie, 1.07 mg/l of Cu (n = 4), 0.25 mg/l of Cu (n = 4), 1.07 mg/l of Cu + recovery (n = 4), 0.25 mg/l of Cu + recovery (n = 4), plus those belonging to the control group (n = 4), were sacrificed after being anesthetized in ice water . This method is considered a humane veterinary practice of anesthesia along with not causing ice crystallization in tissue and resulting in minimal signs of distress (Wilson et al., 2009) . The brains were quickly removed, stored at −40°C, and mounted on a cryostat freezing stage (Microm-HM505E; Zeiss, Wallford, Germany). Subsequently, a series of coronal sections (14 μm) was incubated with a 100 ng of the respective antisense probe overnight at 50°C in a humidified chamber as previously described . Nonspecific hybridization signals were evaluated on slides incubated with their respective sense probe also labeled at 3′-tailing with DIG-11-dUTP. For immunological labeling, sections were then incubated with 1:100 anti-DIG alkaline phosphatase antibody (Roche Diagnostics) for 2 h at room temperature. A colorimetric reaction with an alkaline phosphatase buffer (NBT/BCIP) was applied for 72 h in a humidified dark chamber.
Hybridization values (expressed as Optical Densities, OD ± SEM), which were observed in a bright-field Dialux EB 20 microscope (Leitz, Germany) under a phase contrast objective (16×), were determined in duplicate on each brain antimere of 6 brain sections on anterior to posterior brain slides for at least 5 independent experiments . Transcript levels of both ORXR and HSP90 for all treated fish plus controls were evaluated by using a Macintosh computer-assisted image analyzer system running an Image software of the National Institutes of Health (Scion Image 2.0), in which an internal standard was used for OD calibration. Before calibrating mean OD values for all sections, an estimation of the background level, which was processed automatically by Scion Image program, was elaborated and included for all final calculations . For the identification of the different brain nuclei, the perciformes atlases were used (Cerdà-Reverter et al., 2001a,b) . Statistically significant differences between the different experimental groups were evaluated by using a two-way ANOVA followed by post hoc multiple range Newman-Keul's test when there was a significant p value < .05.
Statistical analyses were handled in a first case on the raw data of Cu-treated fish with respect to controls. In other cases, comparisons were carried out on percentage values of recovered fish from their specific Cu treatment versus controls, and these were compared with percentage values from treated fish versus controls.
Neurodegenerative analysis: Amino cupric silver stain. With the aim to assess a putative correlation between behavioral alterations and eventual neuronal damages, a neurodegenerative analysis was also carried out using amino cupric silver (ACS) staining method on some brain sections of the above fish (n = 4/treatment). Such a technique is considered a valuable tool for the detection of neurons that undergo both necrotic and apoptotic events, thus allowing us to display degenerative processes in all neuronal compartments against a clear background (Bueno et al., 2003) . Subsequently, brains were mounted on a freezing stage of a sliding cryostat (Microm-HM505E; Zeiss) to obtain serial representative sections of 30 μm for ACS protocol selected at an interval of 240 μm. The exposition time to neutral red (25 min) was adapted for our model according to previous methods 2 ], neutral red, pyridine triethanolamine, isopropanol), heated in a microwave oven (45°C-50°C) for 50 min, and cooled at room temperature for 3 h. The sections were rinsed in distilled H 2 O, next quickly rinsed in acetone, and then placed in an impregnating solution composed of AgNO 3 , distilled H 2 O, ethanol, acetone, lithium hydroxide (LiOH), ammonium hydroxide (NH 4 OH) for 50 min, followed by a fixation in a reducer solution (formalin, citric acid monohydrate, ethanol, distilled H 2 O) at a temperature range of 32°C-35°C for 25 min. These sections were left overnight in distilled H 2 O and, the next day, placed in a first bleaching solution (potassium ferricyanide in potassium chlorate solution, lactic acid) for 60 s at room temperature. Afterward, they were bleached in a second bleaching solution (potassium permanganate, sulfuric acid) for 60 s and rinsed in distilled H 2 O. For the stabilization phase, sections were transferred to a sodium thiosulfate solution and rinsed again in distilled H 2 O. They were then immersed in a rapid fixer solution for 5 min and counterstained with 0.5% neutral red solution (Carlo Erba, Milan, Italy) for 25 min, dehydrated in ethanol (50%-100%) and xylene, and mounted with DPX (p-xylene-bis[N-pyridinium bromide]; Sigma) for observations at a bright-field Dialux EB 20 microscope (Leitz, Stuttgart, Germany).
The number of degenerated neurons in a specific encephalic site of the different experimental groups was determined using the following formula: . For this part, values (% ± SEM) from recovered fish previously exposed to the higher or lower Cu concentration versus controls were compared with percentage values of treated fish versus controls.
ReSuLTS

Behavioral Effects
Behavioral analyses mostly revealed an evident Cu-dependent inhibition of some behavioral activities of ZIZZA, CANONACO, AND FACCIOLO Thalassoma pavo, which are contextually linked to abnormal motor behaviors and swimming toward surface (Table 2) . Indeed, the higher metal concentration led to a high (p < .01) reduction of feeding activities (approximately −70%) at both 24 h and 48 h of exposure, whereas only a moderate (p < .05) reduction was reported during exposure to the lower Cu concentration with respect to controls (Fig. 1A) . At the same time, both Cu treatments induced moderate decreases (approximately −40%) of swimming activities during the first 24 h of exposure that continued to be largely reduced (−66%) by the higher Cu concentration at 48 h (Fig. 1B) . Concomitantly to swimming inhibition, a very strong (p < .001) increase of the resting state (> 140%) only occurred in fish exposed to the lower metal concentration (Fig. 1C) . Lack of significant resting variations after exposure to the higher Cu concentration seemed to be related to a very strong onset of abnormal motor behaviors (Fig. 1D) . These behaviors included rapid and abrupt changes of direction during swimming gait ("darting"), loss of equilibrium, and continuous bumping against tank glass or mates showing aggressive attitudes. Moreover, fish exposed to both Cu concentrations displayed continuous swimming toward surface or permanence around this level with signs of hyperventilation, ie, a high increase (approximately 60%) of operculum movements (data not shown), thus indicating the necessity of a greater oxygen supply with respect to controls, which instead swam toward surface only in search of food (Fig. 1E ).
Brain Transcriptional Response
ORXR mRNA expression. In situ hybridization analysis showed that the different behavioral changes induced by Cu were strongly linked to ORXR mRNA variations in some brain areas of Thalassoma pavo (Table 2) as shown by heterogeneous expression pattern in sense ( Fig. 2A) versus antisense (Fig. 2B ) probes of control fish as well as in the antisense probe of fish exposed for 48 h to 1.07 mg/l (Fig. 2C) or 0.25 mg/l (Fig. 2D ) 
Note. ↑, upregulation; ↓, downregulation; -, no changes; NR, no recovery; CR, complete recovery. For abbreviations of the different brain areas, see Figure 2 .
ORXR/HSP90 VERSUS CU TOXICITY IN WRASSES
of CuCl 2 . Indeed, following exposure to 1.07 mg/l of Cu, some diencephalic regions such as the diffuse nucleus of the inferior lobe (NDLI) together with the corpus of the cerebellum (CCe) accounted for a very strong increase (+ 142%; + 243%, respectively) of ORXR transcripts that continued to be high (+ 73%) and very high (+ 97%), respectively, when fish received 0.25 mg/l of Cu (Fig. 2E) . At the same time, the torus longitudinalis (TLo; + 63%) and the valvula of the cerebellum (VCe; + 37%) showed high and moderate ORXR mRNA upregulations after exposure to 1.07 mg/l of Cu, whereas a moderate enhancement of transcript levels occurred in the medial preglomerular nucleus (NPGm), this time in the presence of both metal concentrations. Conversely, moderate transcriptional downregulations occurred in the lateral part of the ventral telencephalon (Vl, −40%) as well as in the optic tectum (OT; −33%) following exposure to both Cu concentrations and to 1.07 mg/l of Cu, respectively.
HSP90 mRNA Expression
Beside the evident ORXR expression changes, even HSP90 encephalic mRNAs were also influenced by Cu (Table 2) . Indeed a heterogeneous expression pattern was reported for sense ( Fig. 3A) versus antisense (Fig. 3B ) probes in control fish along with the antisense probe of fish exposed for 48 h to 1.07 mg/l (Fig. 3C) or 0.25 mg/l (Fig. 3D) of CuCl 2 . In a first case, the medial part of the dorsal telencephalon (Dm) displayed moderate increases of HSP90 transcription after treatment with the higher (+ 56%) and lower (+ 55%) Cu concentrations (Fig. 3E) . Contextually, a moderate upregulation of the chaperone mRNA was reported in the lateral part of the dorsal telencephalon (Dl; + 35%) following exposure to 0.25 mg/l of Cu. At the same time, moderate transcript enhancements (> 30% < 60%) were also observed in TLo, Vce, and CCe but only after treatment with the higher concentration, whereas the lower one was responsible for a moderate HSP90 upregulation in NPGm (+ 30%) and TLo (+ 58%). Despite a general upregulatory trend, moderate downregulations of HSP90 occurred in the lateral part of the dorsal telencephalon (Dl; −35%), in the nucleus glomerulosus (NG; −40%), and in OT (−33%) after 48 h of exposure to the higher concentration.
Neurodegenerative Analysis
Neurodegenerative analysis exhibited that the higher Cu concentration (Figs. 4A, D , and G) was responsible for notable neuronal damages compared with either the lower one (Figs. 4B, E, and H) or controls (Figs. 4C, F, and I) . Specifically, 1.07 mg/l of Cu accounted for an evident argyrophilic reaction in Dl along with the adjacent Vl (Fig. 4A ) rather than the lower concentration (Fig. 4B) . Another encephalic site that provided neuronal death was NG in which consistent neurodegenerative phenomena appeared after treatment with the higher concentration (Fig. 4D) , in spite of degenerated neurons being also observed following treatment with the lower concentration (Fig. 4E) . At the mesencephalic level, OT accounted for mild argyrophilic signals in fish exposed to 1.07 mg/l of Cu (Fig. 4G ) rather than those of the lower concentration that only showed few or rare degenerated neuronal elements (Fig. 4H) .
FIG. 1. Effects of Cu exposure on behavioral activities of the ornate wrasse: Feeding (A), swimming (B), resting state (C), abnormal motor behaviors (D)
, and swimming toward surface (E). Activities were daily evaluated during 2 behavioral sessions of 1 h each during the 24-h and 48-h exposure to 1.07 mg/l (n = 16) or 0.25 mg/l (n = 16) of CuCl 2 dissolved in seawater as described in Materials and Methods section. Data were reported as behavioral ratio (% ± SEM) in fish exposed to Cu with respect to controls (n = 8). Statistical differences were evaluated using one-way ANOVA followed by Dunnett's multiple range post hoc test when p < .05. *p < .05, **p < .01, ***p < .001.
Behavioral Response After the Recovery Phase
Interestingly, when fish were transferred to metal-free water and left to recover from Cu-dependent stress, we observed a great amelioration of the above behavioral alterations ( Table 2) . First of all, a high feeding reduction reported at 48 h of exposure with 1.07 mg/l of Cu resulted to be partially attenuated (−45%) after permanence in Cu-free water (Fig. 5A ) with respect to only treated fish (please check letters for statistical evaluations), whereas a complete recovery (+ 91%) of feeding alterations occurred in fish previously treated with the lower Cu concentration. Even swimming behavior was promptly restored to normal levels when fish treated with 0.25 mg/l were next transferred to clean water (Fig. 5B) . At the same time, the very strong increase of the resting state reported during exposure to the lower concentration was largely attenuated (−81%) during the recovery phase although this activity remained moderately enhanced (approximately + 40%) with respect to controls. It was worthy to note that this behavior was extremely enhanced (approximately + 115%) when fish from the higher concentration were kept in Cu-free water (Fig. 5C ). Such an enhancing activity could be very likely related to a moderate attenuation (−56%) of abnormal motor behaviors with respect to fish treated with the higher Cu concentration (Fig. 5D) . Conversely, these abnormal behaviors were completely abolished when fish exposed to the lower concentration were then transferred to clean water. Regarding swimming toward surface, the recovery test was able to highly (−65%) reduce this activity only in fish previously exposed to the lower metal concentration, in spite of their permanence at the water surface remaining high compared with controls (Fig. 5E ).
Transcriptional Response After the Recovery Phase
ORXR mRNA expression. It is noteworthy that the behavioral ameliorations might very likely be correlated to modified ORXR expression after fish permanence in Cu-free water (Table 2) . Indeed some encephalic sites, which did not exhibit any ORXR transcriptional variations during exposure to the higher Cu concentration, showed notable upregulatory trends
FIG. 2.
Effects of Cu exposure on ORXR mRNA expression in some encephalic areas of Thalassoma pavo. Representative medio-posterior sections were labeled with 100 ng of ORXR sense (A) and antisense (B) probes of control fish (n = 4) as well as antisense of fish exposed to 1.07 mg/l (n = 4; C) or 0.25 mg/l (n = 4; D) of CuCl 2 for 48 h as described in Materials and Methods section. Scale bar: 1.76 mm. Transcriptional variations of ORXR mRNA (E) were reported as % ± SEM of Cu-exposed animals with respect to controls in some brain areas of Thalassoma pavo. Statistical differences were evaluated using a one-way ANOVA followed by Dunnett's multiple range post hoc test when p < .05. *p < .05; **p < .01; ***p < .001. Abbreviations: CCe, corpus of the cerebellum; Dl, lateral part of the dorsal telencephalon; Dm, medial part of the dorsal telencephalon; NDLI, diffuse nucleus of the inferior lobe; NG, nucleus glomerulosus; NPGm, medial preglomerular nucleus; OT, optic tectum; TLo, torus longitudinalis; VCe, valvula of the cerebellum; Vl, lateral part of the ventral telencephalon.
FIG. 3.
Effects of Cu exposure on HSP90 mRNA expression in some encephalic areas of Thalassoma pavo. Representative medio-posterior sections were labeled with 100 ng of HSP90 sense (A) and antisense (B) probes of control fish (n = 4) as well as antisense of fish exposed to 1.07 mg/l (n = 4; C) or 0.25 mg/l (n = 4; D) of CuCl 2 for 48 h as described in Materials and Methods section. Scale bar: 1.76 mm. Transcriptional variations of HSP90 mRNA (E) were reported as % ± SEM of Cu-exposed animals with respect to controls in some brain areas of Thalassoma pavo. Statistical differences were evaluated using a one-way ANOVA followed by Dunnett's multiple range post hoc test when p < .05. *p < .05; **p < .01; ***p < .001. For abbreviations, see 
FIG. 5.
Recovery evaluation of the behavioral effects induced by Cu on feeding (A), swimming (B), resting state (C), abnormal motor behaviors (D), and swimming toward surface (E) of the ornate wrasse. Some animals exposed to 1.07 mg/l (n = 8) or 0.25 mg/l (n = 8) for 48 h were left to recover in metal-free water for 48 h and during this period were daily monitored by 2 behavioral sessions of 1 h each. Data of fish behavioral recovery (% ± SEM) from the higher (1.07 mg/l) or from the lower (0.25 mg/l) toxic concentrations were compared to controls (n = 8; *) as well as to fish exposed to their respective higher and lower concentrations (a-c). Statistical analysis, using two-way ANOVA followed by Dunnett's multiple range post hoc test when p < .05, was handled in a first case on the raw data of Cu-treated fish with respect to controls (*). In other cases, comparisons were carried out on percentage values of recovered fish from their specific Cu treatment versus controls, and these were compared with the percentage value from treated fish versus controls (letters). *p < .05; **p < .01; ***p < .001; 
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ZIZZA, CANONACO, AND FACCIOLO as in the case of Dl (+ 91%) and NG (+ 88%) of fish that underwent a recovery phase with respect to controls (Fig. 6A) . Contextually, the moderate downregulations of ORXR mRNA expression in Vl and OT were inverted for the former area to a moderate increase (+ 48%), whereas the latter was restored to almost control levels. Conversely, when fish of the recovery group were compared with treated fish, their upregulatory effects were significantly attenuated (please check letters for statistical evaluations) in NPGm (−85%), NDLI (−57%), and CCe (−46%), whereas in the case of Vce, it was very strongly reduced (−138%) and thereby restored to normal values. In the case of fish left to recover from the lower concentration, moderate upregulations characterized Dl (+ 52%) with respect to controls (Fig. 6A′) . Even the previously reported downregulatory pattern in Vl (+ 35%) was totally inverted during this phase, as shown by moderate enhancements of ORXR transcripts with respect to controls. In addition, ORXR mRNA increases of NPGm, NDLI, and CCe were notably reduced (−85%, −73%, and −68%, respectively) versus treated fish although only expression of the former nucleus was restored to control levels.
HSP90 mRNA expression. Likewise, also HSP90 provided differentiated brain transcriptional responses during the recovery phase (Table 2 ). This was particularly evident when fish previously exposed to 1.07 mg/l of Cu were transferred to metal-free water, as shown by the conspicuous mRNA upregulations in Vl (+ 558%), NPGm (+ 208%), TLo (+ 119%), VCe (+ 83%), and CCe (+ 32%) with respect to the above treated fish ( Fig. 6B ; please check letters for statistical evaluations). At the same time, moderate downregulations in Dl, NG, and OT were restored to control levels after the permanence in clean water. Following exposure to the lower metal concentration, the recovery period induced a general attenuation of the previous upregulatory trend as shown by significant reductions   FIG. 6 . Brain transcriptional response after the recovery period of Cu-exposed fish. ORXR (A, A′) and HSP90 (B, B′) mRNA variations (% ± SEM) in some brain areas of fish belonging to the recovery from either 1.07 mg/l (n = 4) or 0.25 mg/l (n=4) were compared to controls (n = 4; *) as well as to fish exposed to their respective higher and lower concentrations (a-c). For statistical significance, see Figure 5 . Abbreviations: CCe, corpus of the cerebellum; Dl, lateral part of the dorsal telencephalon; Dm, medial part of the dorsal telencephalon; NDLI, diffuse nucleus of the inferior lobe; NG, nucleus glomerulosus; NPGm, medial preglomerular nucleus; OT, optic tectum; TLo, torus longitudinalis; VCe, valvula of the cerebellum; Vl, lateral part of the ventral telencephalon.
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of HSP90 transcript levels in Dm (−90%), Dl (−77%), NPGm (−90%), and TLo (−56%), rather than treated fish (Fig. 6B′) . Only CCe showed a significant increase (+ 373%) of chaperone expression with respect to fish that received 0.25 mg/l of Cu.
Neurodegenerative Analysis After the Recovery Phase
Along with the above behavioral and molecular changes, it was also possible to detect some neuronal recovery after permanence of treated fish in Cu-free water (Table 2) . At the telencephalic level, ACS revealed, aside no detectable variations in fish previously exposed to 1.07 mg/l of Cu (Fig. 7A) , an amelioration of argyrophilic signals in Dl of fish exposed to treatment with the lower metal concentration (Fig. 7B) , as shown by evident reductions (−67%) of degenerated neurons (Fig.7G) . Some slight decrements of neurodegenerative events, although not in a significant manner, occurred in other encephalic areas such as NG of fish recovered from the higher metal concentration (Fig. 7C) . Conversely, this diencephalic site of fish exposed to the lower Cu concentration displayed a moderate improvement (−31%) of its histological integrity, very likely due to a mild degeneration induced by Cu (Fig. 7D ). In the case of OT, the recovery phase was not able to protect against neuronal death in fish treated with 1.07 mg/l of Cu (Fig. 7E) , whereas a notable reduction (−42%) of degenerative signals occurred in this same mesencephalic site of fish exposed to 0.25 mg/l of Cu (Fig. 7F) .
DISCuSSION
This study provides, for the first time, interesting evidences about possible neuromolecular strategies against Cu toxicity that involve both chaperone HSP90 and ORXRergic neuroreceptor system in the brain of the marine teleost Thalassoma pavo. Our findings are particularly relevant especially because Cu concentrations used for this study fell within the range of Cu levels in the coastal sediments of Adriatic Sea (Obhodas and Valković, 2010) , thus indicating on the one hand an alarming condition of the Mediterranean sea and on the other hand the possibility that, within certain metal ranges, toxicity may be recovered. From a behavioral point of view, Cu exerted an inhibitory role on some major activities of our teleost in a similar fashion to that of this same species exposed to cadmium or lead . Indeed, the notable decrease of feeding behavior especially during exposure to the higher toxicant concentration was in line with studies in which Cu influenced the latency period for eating and food consumption in the common carp (Kuz'mina, 2011) . Such an effect might be due to a metal inhibitory role on olfactory activities, thus causing impaired responses to amino acids as previously shown for other teleosts (Baldwin et al., 2011) . Beside these dysfunctions, respiratory deficits were possibly occurring in our ornate wrasses as a result of gill toxicity that may cause cell swelling, edema, and epithelial lifting, mostly due to the , and OT (E, F) of fish left to recover in Cu-free water for 48 h after exposure to either 1.07 mg/l (n = 4; A, C, E) or to 0.25 mg/l (n = 4; B, D, F) of CuCl 2 . Scale bar: 125 µm. Quantitative evaluations of degenerated neurons (G) were expressed as ratios (% ± SEM) of Cu-exposed fish that underwent a recovery test and compared to fish exposed to their respective higher and lower concentrations. For this part, values (% ± SEM) from recovered fish previously exposed to the higher or lower Cu concentration versus controls were compared with the percentage values of treated fish versus controls, using two-way ANOVA followed by Dunnett's multiple range post hoc test when p < .05. et al., 2010) . Indeed, treated fish continuously searched for a better oxygen supply at the water surface as well as showed increased operculum movements, which are clear signs of respiratory disturbances.
In the case of swimming behavior, an evident reduction was in good agreement with Cu negative effects on the critical swimming speed and oxygen rate consumption of other teleosts (De Boeck et al., 2006) . Although the reduction of motor performances during environmental stress may be considered a survival strategy to limit energy and oxygen consumption, in our study a concomitant increase of the resting state occurred only in fish treated with a lower Cu concentration. Conversely, the resting state of fish exposed to the higher concentration appeared to be continuously interrupted by sudden and rapid movements along with the bumping against mates or the aquarium glass. Similar abnormal episodes have already been reported following exposure to high lead concentrations, which accounted for hyperactive bouts, thereby interfering with normal explorative swimming behaviors very likely via altered neurosignaling activities (Giusi et al., 2008) .
Heavy metal-dependent motor disturbances have often been related to neuronal damages in some brain areas that are considered crucial for motor control in fish . Indeed, effects of environmental pollutants on fish behavior may be a direct consequence of energy dysmetabolism (De Boeck et al., 2006) and/or neurotransmitter dysfunctions (De Boeck et al., 1995) . This is in line with the evident argyrophilic signals detected in Dl, a telencephalic site involved with spatial learning and memory activities (Broglio et al., 2010) . Besides Dl, even neuronal degeneration of OT might contribute to a loss of equilibrium during the swimming gait because it has been recognized as a mesencephalic station critical for motor orienting inputs (Herrero et al., 1999) . Although this brain area resulted to be characterized by a moderate ORXR downregulation in fish treated with the higher metal concentration, other motor brain centers such as CCe and NDLI revealed a very strong upregulation of ORXR transcript. Such a feature may eventually compensate Cu-dependent swimming deficits in encephalic regions involved with the execution of sustained swimming at higher speeds (Matsumoto et al., 2007) . This hypothesis is consistent with stressful conditions being capable of stimulating ORXergic neurons so that these neurons were recognized as essential elements for the activation plus maintenance of arousal associated with stressful responses (WinskySommerer et al., 2004) . A similar upregulatory compensating trend of the ORXergic system might be also typical of some diencephalic centers that are strongly linked to feeding habits (Volkoff, 2006) . It is the case of NDLI a key brain site that is responsible for the control of neuronal information from visual centers to the parvocellular superficial pretectal nucleus and subsequently to the hypothalamus, thereby correctly orienting fish toward food (Folgueira et al., 2008) .
Regarding HSP90, we showed an overall upregulation of its transcript, thus strengthening it as a crucial factor for the activation of neuroprotective measures aimed to avoid brain dysfunctions in a comparable manner to those operating by other HSPs during the hypoxic states of the lungfish . On the other hand, a downregulation of this chaperone occurred in Dl, NG, and OT of fish exposed to the higher Cu concentration, which also coincided with a reduction of ORXR mRNA levels for the latter area. Such an aspect should not be so surprising because other negative CuSO 4 influences on HSP70 and HSP60 have been reported for Schoftalmus rhombus (Chairi et al., 2010) as well as on HSP90 by cadmium (Liu et al., 2012) . From this relationship, it is tempting to suggest that either HSP90 is not strongly involved with protective mechanisms of these specific brain areas or perhaps the rather higher Cu concentration may instead be responsible for an impairment of HSP90's synthetic machinery as previously observed for another HSP in hepatocytes of the rainbow trout (Feng et al., 2003) . In our opinion, the impairment of HSP90 may be the principal event occurring during exposure with the higher Cu concentration especially because the different neuronal fields of Dl, NG, and OT displayed greater signs of degeneration. Moreover, despite the lack of significantly reduced argyrophilic signals after the recovery period, it was during this phase that HSP90 mRNA expression returned to physiological levels or even higher.
In this context, fish exposed to the lower Cu concentration and then left in clean water showed an extraordinary recovery capacity as indicated by the attenuation of Cu-dependent behavioral effects, like those reported in different freshwater species exposed to cadmium (Eissa et al., 2010) . Additionally, concomitant transcriptional ORXR and HSP90 cues might be an indication of brain mechanisms activated for orchestrating a better tolerance toward Cu toxicity along with a reactivation of both behavioral and neuronal functions hindered by this metal . Such a feature is also in good agreement with neuroprotective measures adopted by other neuroreceptor systems during both hibernating and aestivating states. Interestingly, a complete recovery of swimming disturbances corresponded to a great reduction of some brain damages, very likely due to either a decreased accumulation of Cu in the brain after the recovery period or to neurogenic properties of some fish brain centers (Ekström et al., 2001) . In this latter case, the authors showed that proliferative zones of teleost brain are located between the telencephalon and diencephalon as well as between the mesencephalon and the rhombencephalon. In our study, it was specifically areas of the telencephalon (Dl), diencephalon (NG), and mesencephalon (OT), which displayed evident ameliorations, thereby corroborating them as proliferative centers fitted for a spontaneous self-repair and functional recovery of both neuronal and behavioral activities in the wrasse. These recovery mechanisms were probably due to either a morphological regrowth or at least to damaged tissues being removed during the initial regenerating phases. This hypothesis should not be so surprising because it has been already shown that after an 144 ORXR/HSP90 VERSUS CU TOXICITY IN WRASSES injury, a massive surge of apoptotic cells occur at lesion sites within a few hours and then proliferating cells regenerate, thus leading to a complete or partial restoration of tissue morphophysiology (Zupanc and Sîrbulescu, 2011) . On the other hand, lack of any substantial changes in the entity of neurodegeneration in animals treated with the higher Cu concentration was probably due to more pronounced damages that were difficult to recover only after 48 h. Despite these fish were not able to restore neuronal structure integrity in such a brief period, they in any case displayed evident enhancements of HSP90 and ORXR mRNAs, thus suggesting that complex compensating processes have been activated in order to recover, at least partially, the greater damages induced by the higher metal concentration.
Overall, this study provides important evidences regarding Cu-related behavioral disturbances that are linked to neurodegenerative processes in distinct brain regions of Thalassoma pavo. Many aspects dealing with Cu toxicity have been assessed in both freshwater and marine fishes, especially those regarding osmoregulation or ammonia excretion impairments (Beaumont et al., 2003; Grosell et al., 2004) . On the contrary, relatively few detailed reports have been handled in the field of neurotoxicology, aside Cu-related neuroendocrine functions in mainly freshwater fish, of which most have been handled on dietary exposures (Handy, 2003) . Only recently, attention has been focused on histopathological cases of brain following waterborne Cu exposure despite being carried out on a freshwater species (Al-Bairuty et al., 2013) . In this context, our study may be considered a first neurotoxicological work regarding not only behavioral alterations induced by environmentally relevant Cu concentrations but above all their potentially hazardous ecological consequences for marine fish, which in turn become a major menace for human health. On the other hand, these data allowed us to highlight, for the first time, new neuronal strategies against Cu toxicity that involve the ORXergic system as critical modulator of behavioral responses during stressful events of fish, similarly to other heavy metals . At the same time, we also demonstrated that the chaperone HSP90 exerts a key protective role especially during the recovery phase against adverse conditions induced by this and other toxicants (Giusi et al., 2008; Xing et al., 2013) . We are still at the beginning but the results of this study would surely benefit from evidences derived from the cross-talking pivotal ability of the above neuropeptidergic system with other major neuroreceptors such as recently shown for GABAergic and glutamatergic systems in fish .
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